A gauged U (1) X extension of the Standard Model is a simple and consistent framework to naturally incorporate three right-handed neutrinos (RHNs) for generating the observed light neutrino masses and mixing by the type-I seesaw mechanism. We examine the collider testability of the U (1) X model, both in its minimal form with the conventional charges, as well as with an alternative charge assignment, via the resonant production of the U (1) X gauge boson (Z ) and its subsequent decay into a pair of RHNs. We first derive an updated upper limit on the new gauge coupling g X as a function of the Z -boson mass from the latest LHC dilepton searches. Then we identify the maximum possible cross section for the RHN pair-production under these constraints. Finally, we investigate the possibility of having one of the RHNs long-lived, even for a TeV-scale mass. Employing the general parametrization for the light neutrino mass matrix to reproduce the observed neutrino oscillation data, we perform a parameter scan and find a simple formula for the maximum RHN lifetime as a function of the lightest neutrino mass eigenvalue (m lightest ). We find that for m lightest 10 −5 eV, one of the RHNs in the minimal U (1) X scenario can be long-lived with a displaced-vertex signature which can be searched for at the LHC and/or with a dedicated longlived particle detector, such as MATHUSLA. In other words, once a long-lived RHN is observed, we can set an upper bound on the lightest neutrino mass in this model.
I. INTRODUCTION
The existence of nonzero neutrino masses and flavor mixing has been unambiguously established by the observation of neutrino oscillation phenomena in solar, atmospheric, reactor and accelerator neutrinos [1] . This necessitates some extension of the Standard Model (SM) to incorporate the neutrino mass matrix. Arguably, the simplest paradigm for explaining neutrino masses at tree-level is the type-I seesaw mechanism [2] [3] [4] [5] [6] , where SM-singlet right-handed neutrinos (RHNs) with Majorana masses are introduced.
In the minimal seesaw extension of the SM, the RHNs are just put in 'by hand'. In this phenomenological bottom-up approach, the mass scale of the RHNs is undetermined and can lie anywhere from the eV-scale to the Grand Unified Theory (GUT) scale [7] . From the experimental point of view, it is of particular interest if the RHN mass-scale is around TeV or smaller, so that they are kinematically accessible at the Large Hadron Collider (LHC) and can lead to the smoking-gun lepton number violating (LNV) signature of same-sign dilepton plus jets without missing transverse energy [8] . However, being SM-singlets, the RHNs in the minimal seesaw can be produced only through their mixing with the active neutrinos, which is generically required to be small for TeV-scale RHN masses in order to reproduce the observed light neutrino oscillation data [9] [10] [11] , thereby suppressing the LNV signal from the RHNs at the LHC [12] [13] [14] [15] [16] [17] [18] [19] [20] . For reviews on collider tests of RHNs, see e.g. Refs. [21] [22] [23] [24] [25] [26] , and for recent LHC searches, see Refs. [27, 28] .
A more compelling scenario, both theoretically and experimentally, is the so-called minimal B − L (baryon minus lepton number) model [29] [30] [31] [32] [33] , which is a gauge extension of the global U (1) B−L symmetry in the SM. In this model, the presence of three RHNs is essential to cancel the gauge and the mixed gauge-gravitational anomalies. Associated with the U (1) B−L gauge symmetry breaking, the RHNs acquire their Majorana masses, and the SM neutrino masses are generated through the seesaw mechanism after the electroweak symmetry breaking. This model provides a new mechanism for the pair-production of RHNs at the LHC through the resonant production of the B − L gauge boson Z , which couples to the SM fermions as well as the RHNs. Therefore, the RHN production rate in this case is no longer suppressed by the RHN mixing with the active neutrinos, but only by the Z mass. In the context of the B − L models, the prospect of discovering RHNs at the LHC has been explored in Refs. [34] [35] [36] [37] [38] . This is however limited, even at the high-luminosity phase of the LHC (HL-LHC) due to the severe constraints on the Z mass from LHC dilepton searches [39] [40] [41] , which restrict m Z 4.5 TeV.
The stringent dilepton bounds on the Z mass can in principle be relaxed, if we generalize the B − L model to the so-called non-exotic U (1) X model [42] , where the particle content of the model is the same as the B − L model, while the U (1) X charge of each SM particle is defined as a linear combination of its U (1) Y hypercharge and U (1) B−L charge. In the presence of three RHNs, this model is also anomaly-free and the seesaw mechanism is implemented after the breaking of the U (1) X and the electroweak symmetries. It has been shown [43, 44] that with a suitable choice of the U (1) X charges, this model can realize a significant enhancement of the Z to RHN-pair branching ratio with respect to the dilepton branching ratio, thereby increasing the RHN discovery prospects at the LHC.
In this paper, we examine the displaced vertex prospects of the RHNs in the Z -induced resonant RHN pair-production channel at the LHC in the U (1) X model. For related discussion on displaced-vertex signatures of RHNs, see e.g. Refs. [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] in the context of minimal seesaw and [63] [64] [65] [66] [67] in the context of U (1) B−L . For recent LHC searches relevant for long-lived RHNs decaying into final states containing two leptons, see Refs. [68, 69] . We consider two scenarios for the B − L charges of the RHNs in the U (1) X model, both of which are consistent with anomaly cancellation: (i) the conventional case with a B − L charge −1 assigned to all three RHNs, and (ii) the alternative case with a B − L charge −4 assigned to two of the RHNs and +5 for the third one. In both cases, we present the dilepton production cross section from the Z boson resonance as a function of the U(1) X gauge coupling (g X ) and Z boson mass (m Z ), from which we can easily read off the upper (lower) bound on g X (m Z ) for a fixed m Z (g X ) value by using the current/future LHC constraints. We also present the RHN pair-production cross section from the Z boson resonance as a function of g X and m Z , so that we can find its maximum cross section once the LHC constraints on g X and m Z are identified. Once produced, each RHN will primarily decay into a pair of same-sign leptons plus jets through its suppressed coupling to the SM W boson induced via its mixing with the active neutrinos.
The main purpose of this paper is to show that in the U (1) X model, one of the three RHNs produced at the LHC can be long-lived even if its mass lies at the TeV scale. Employing the general parametrization of the neutrino mass matrix to reproduce the neutrino oscillation data, we perform a parameter scan and find the maximum RHN decay length as a function of the lightest neutrino mass eigenvalue for a given RHN mass. For a suitable range of the lightest neutrino mass, we find that one of the RHNs can be long-lived, to be explored by a displaced vertex search either at the High-Luminosity LHC [70, 71] or dedicated long-lived particle search experiments using the LHC energy, such as CODEX-b [72] , MATHUSLA [73] , AL3X [74] , FASER [75] and MAPP/MALL [76] . Thus, if such a long-lived RHN is ever observed in one of these experiments, that would indirectly probe the lightest active neutrino mass, which is one of the fundamental unknown parameters in the neutrino sector.
The rest of this paper is organized as follows: In Section II, we briefly review the U (1) X model in two scenarios: (i) the conventional case with a universal U (1) X charge for all three RHNs, and (ii) the alternative case with non-universal U (1) X charges assigned to three
RHNs. In Section III, we calculate the dilepton and RHN pair-production cross sections at the LHC from the Z boson resonance as a function of the U(1) X gauge coupling and the Z boson mass. The LHC constraints on these parameters will be read off from the results.
In Section IV, we analyze the RHN decay length by using the general parametrization of the neutrino mass matrix. Performing a general parameter scan, we find a simple formula for the maximum RHN decay length and identify its correlation with the lightest neutrino mass. Our conclusions are given in Section V.
II. GAUGED U (1) EXTENSION OF THE STANDARD MODEL
We consider a simple gauged U (1) extension of the SM based on the gauge group -33] , where three RHNs are introduced to cancel all the gauge and the mixed gauge-gravitational anomalies. We study two scenarios within this model:
Case-I is the conventional (minimal) U(1) X model [42] , which is a generalization of the minimal B − L model with the U(1) X charge assignment for a SM particle defined as a linear combination of its U (1) Y hypercharge and B − L charge. Except for the U(1) X charge assignments, the particle content is exactly the same as the minimal B −L model and all the RHNs are assigned a universal U (1) X charge. Case-II is what we call the "alternative U(1) X model", which is the only other type of U (1) X model we are aware of where all the gauge and the mixed gauge-gravitational anomalies are canceled. Although the fermion particle content of this model is the same as the minimal U(1) X model, the charge assignment for
RHNs is non-universal. Below we discuss each case in some details:
We first consider the minimal U (1) X model whose particle content is listed in Table I . In addition to the SM particle content, three RHNs (N R i ) are introduced to cancel the gauge and the mixed gauge-gravitational anomalies. A new Higgs field (Φ), which is singlet under the SM gauge group, is also introduced to break the U (1) X gauge symmetry by its vacuum expectation value (VEV). Since the U (1) X gauge coupling is a free parameter in the model, we can fix x Φ = 1 without loss of generality, and the U(1) X charge of a particle is thus fixed by the x H value. Note that in the limit of x H → 0 the minimal U (1) X model is identical to the minimal B − L model.
The Yukawa Lagrangian of the SM is extended to include
where C denotes taking charge-conjugation, and the first and second terms on the righthand side are the Dirac and Majorana Yukawa couplings, respectively. In order to break the electroweak and the U (1) X gauge symmetries, we assume a suitable Higgs potential for H and Φ to develop their VEVs
respectively at the potential minimum (with v 246 GeV and v Φ hitherto a free parameter).
After the symmetry breaking, the mass of the U (1) X gauge boson (Z boson), the Majorana masses for the RHNs and the neutrino Dirac masses are generated as follows:
where g X is the U (1) X gauge coupling. Here we have used the LEP [77] , Tevatron [78] and LHC [79] constraints which generically imply m Z /g X 6.9 TeV at 95% CL (for the
Also, without loss of generality, we have set our basis in which Y N is diagonal. With the generation of the Dirac and Majorana masses, type-I seesaw mechanism can be used to account for tiny Majorana masses of the light neutrino mass eigenstates (see Section IV for more details).
The other model we consider is the alternative U (1) X model, whose minimal particle content is listed in Table II . 1 Except for the alternative U (1) X charge assignment for the RHNs, the fermion particle content is the same as in Table I . Note that when we assume the 1 Here, we list the scalar content essential for our discussion in this paper. With only this scalar particle content, we have Nambu-Goldstone modes more than those eaten by the weak bosons and Z boson since mixing mass terms for the scalars are forbidden by the gauge symmetry. Thus, we need to introduce additional (SM-singlet) scalar fields to eliminate phenomenologically dangerous massless modes. Since there are many possibilities for new scalars and it is easy to arrange a suitable Higgs potential, we do not discuss a complete Higgs sector in this paper.
TABLE II. Minimal particle content of the "alternative" U (1) X -extended SM. In addition to the SM particle content, three RHNs (N R i ) and three new Higgs fields (H E , Φ A , Φ B ) are introduced.
Here i = 1, 2, 3 stands for the family index and x H is a real parameter.
same charge for two RHNs among three RHNs in total, this alternative charge assignment is a unique choice in order to cancel all the anomalies [80] .
For generating neutrino masses, we have introduced additional scalar fields: one SU (2) doublet H E and two SM-singlets Φ A,B . The new Higgs doublet (H E ) generates the neutrino Dirac masses, while the SM-singlet scalars generate the Majorana mass terms for
where we have assumed a basis in which Y A N is diagonal, without loss of generality. We also assume a suitable potential for the Higgs fields H, H E , Φ A , and Φ B to develop their respective VEVs:
with the condition, v 2 +ṽ 2 = (246 GeV) 2 . After the U (1) X symmetry breaking, the RHNs and the U (1) X gauge boson (Z ) acquire their masses as follows:
Again, we have used the collider constraints to set (v
Dirac mass terms are generated by H E :
after which the seesaw mechanism is automatically implemented. Note that because of the particle content, only two RHNs (N R 1,2 ) are involved in the seesaw mechanism (the so-called "minimal seesaw" [81] [82] [83] [84] [85] ) while the third RHN (N R 3 ) has no direct coupling with the SM particles and hence it is naturally a dark matter (DM) candidate [86] .
III. RHN PRODUCTION THROUGH Z BOSON DECAY AT THE LHC
Since the RHNs are singlet under the SM gauge group, they have no SM gauge interactions in the flavor basis. However, a mixing between the RHNs and the SM neutrinos is generated through the Dirac Yukawa coupling in the seesaw mechanism. As a result, the RHN mass eigenstates couple to the weak gauge bosons W, Z through this mixing. Although in general this mixing can be made sizable even for TeV-scale RHNs, contrary to the naive seesaw expectations, by virtue of special textures of the Dirac and RHN Majorana mass matrices [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] , it has been shown [11] that this mixing has an upper bound of O(0.01)
to satisfy various experimental constraints, such as the neutrino oscillation data, the electroweak precision measurements, neutrinoless double beta decay and the charged lepton flavor violating (LFV) processes. Hence, the canonical production cross section of TeV-scale
RHNs through either the weak gauge bosons [12] [13] [14] [15] [16] [17] [18] [19] [20] or the Higgs boson [98] [99] [100] [101] [102] at the LHC is expected to be very small within the minimal seesaw.
However, in the U (1) X models under consideration, all SM fermions as well as the RHNs have non-zero U (1) X charges, and therefore, the RHNs can be efficiently produced at colliders, in particular, through the resonant production of Z boson, if kinematically allowed, and its subsequent decay into a pair of RHNs. In this section, we evaluate the production cross section of this process at the LHC: pp → Z → N N for a choice of parameters consistent with the LHC constraints [39] [40] [41] from dilepton channel: pp → Z → . We also make sure that the dijet constraints [103, 104] on Z are also satisfied. For this purpose, it is useful to explicitly write down the Z boson partial decay widths into a pair of SM chiral fermions (f L,R ) (neglecting their masses) and a pair of Majorana RHNs, respectively:
where N c = 1(3) is the color factor for a SM lepton (quark), and Q f L(R) , Q N i are the U (1) X charges of the respective fermions which can be read off from Table I (for Case-I) and Table II (for Case-II). The total decay width of the Z is the sum of partial widths to all SM fermions (quarks and leptons, both left-and right-handed) and the RHNs.
A. Case-I
Let us first consider the minimal U(1) X model with x Φ = 1 (see Table I ). In Ref. [105] , the constraints from the LHC 2016 data have been used to obtain an upper bound on the U (1) X gauge coupling g X as a function of m Z . The update of the constraints from the LHC 2017 data have been shown in Refs. [106] and [107] for x H = 0 and x H = −0.8, respectively.
From this, we can see that the U (1) X gauge coupling is constrained to be g X 0.1 for the Z boson mass of a few TeV. Recently, the ATLAS collaboration has reported the final result of the LHC Run-2 with 139 fb −1 integrated luminosity [41] , which significantly improves the previous constraints, as we will show below.
Since g X is constrained to be small, the total Z boson decay width is vary narrow, and thus we use the narrow width approximation (NWA) to evaluate the Z boson production cross section at the LHC Run-2. In this approximation, wheref q (fq) is the parton distribution function (PDF) for a quark (anti-quark),ŝ = xys is the invariant mass squared of the colliding quarks with √ s = 13 TeV for the LHC Run-2, and the NWA cross section of the colliding quarks to produce Z boson is given bŷ
For the PDFs, we employ CTEQ6L [108] with a factorization scale Q = m Z for simplicity.
In our calculation, we scale our result by a k-factor of k = 0.947 to match the recent ATLAS analysis [41] . See Ref. [109] for a procedure to obtain a suitable k-factor. Note that in the NWA, the cross section is proportional to g (dotted) as a function of x H . We can see that the RHN production cross section is enhanced for x H −1.5. As has been pointed out in Refs. [43, 44] , the ratio of BR(Z → N i N i ) to BR(Z → + − ) is maximized at x H = −1.2. For this choice, the RHN production process from Z boson resonance is optimized under the severe LHC dilepton constraints.
B. Case-II
We now repeat the same analysis for the alternative U (1) X model. For simplicity, we assume all extra scalar fields are very heavy and cannot be produced on-shell from Z boson decay. Because of the alternative U (1) X charge assignment for the RHNs (see Table II ), the partial decay widths to RHNs in Eq. (12) are enhanced. As discussed in Ref. [86] , the RHN with U (1) X charge −5 is a natural DM candidate and the observed DM relic density is reproduced with m N 3 m Z /2. Taking this possibility into account, we neglect the Z boson decay process to a pair of N R 3 .
As in Case-I, we evaluate the Z boson production cross section by using the NWA. In the left panel of Fig. 3 (which corresponds to the left panel of Fig. 1) , we show the dilepton production cross sections from the Z resonance for x H = 0(solid), x H = −1.2 (dashed) and
x H = 1 (dotted), respectively, as a function of m Z for m N 1 = 500 GeV and m N 2 = 1TeV.
In the right panel (which corresponds to the right panel of Fig. 1) , we show the LHC upper bound on g X derived from recent ATLAS results for x H = 0 (solid), −1.2 (dashed) and 1 (dotted), respectively, as a function of Z boson mass. Comparing the results in the left panels of Fig. 1 and 3 , we can see that the dilepton production cross section for the alternative U (1) X model is smaller than that for the minimal U (1) X model. This is because the partial Z boson decay widths into the RHNs in the alternative model are much larger than those in the minimal model due to their different charge assignments. As a result, the LHC dilepton constraint is milder in this case than that for the minimal U (1) X model.
In the left panel of Fig. 4 (which corresponds to the left panel of 
IV. LONG-LIVED RIGHT-HANDED NEUTRINOS
After the breaking of the electroweak and the U (1) X symmetries, we can write the full neutrino mass matrix as
Without loss of generality, we go to the basis in which the Majorana mass matrix m N is diagonal, with eigenvalues given in Eqs. (4) (for Case-I) and (8), (9) (15), we obtain the seesaw formula for the light Majorana neutrino mass matrix as
We express the light neutrino flavor eigenstate (ν α ) in terms of the mass eigenstates of the light (ν i ) and heavy (N i ) Majorana neutrinos: U PMNS with = R * R T the non-unitarity parameter, and U PMNS is the 3 × 3 light neutrino mixing matrix which diagonalizes the light neutrino mass matrix as
In the presence of , the mixing matrix N is not unitary, namely N † N = 1.
In terms of the neutrino mass eigenstates, the charged current (CC) interaction can be written as
where g is the SU (2) L gauge coupling, α (α = e, µ, τ ) denotes the three generations of SM charged leptons, and P L = 1 2
(1 − γ 5 ) is the left-handed projection operator. Similarly, the neutral current (NC) interaction is given by
where θ w is the weak mixing angle. Through these interactions and the original Dirac Yukawa interactions given in Eqs. (1) and (6), the RHNs mainly decay into N → W , νZ, νh, where h is the SM Higgs boson. If kinematically allowed, these are two-body decays, followed by the SM decays of the W, Z, h. For smaller RHN masses, these decays will be three-body, with off-shell W, Z, h. Here, we have assumed the U (1) X Higgs boson(s) is heavier than the RHNs, for simplicity.
In the seesaw model with 2 degenerate RHNs, the upper bound on R has been found in Ref. [11] as |R αj | 0.01 by considering various experimental constraints such as neutrino oscillation data [1], charged LFV phenomena [110] [111] [112] and electroweak precision measurements [113] [114] [115] . The smallness of the mixing (R αj ) between the light and heavy neutrinos implies an RHN mass eigenstate can be long-lived. If this is the case, a long-lived RHN, once produced at collider experiments through the Z -portal which is unsuppressed by the small mixing, decays into the SM particles after propagating over a measurable distance. This displaced vertex phenomenon is a characteristic signature of the production of long-lived particles. For RHNs with mass of the TeV-scale scale or smaller, collider searches for the RHNs with displaced vertex provide a promising probe of the seesaw mechanism [24] .
Let us now evaluate the lifetime of RHNs in a general parametrization of neutrino mixing.
We first consider Case-I in which three RHNs are involved in the seesaw mechanism. As we will discuss later, the results for Case-II with only two RHNs can be obtained from the results in Case-I in a special limit. The elements of the matrix R are constrained so as to reproduce the neutrino oscillation data. In our analysis, we adopt the following bestfit values for the neutrino oscillation parameters: ∆m [116] . The 3 × 3 neutrino mixing matrix is given by 
where c ij = cos θ ij and s ij = sin θ ij . In our analysis, we set the Dirac CP -phase as δ = as indicated by the recent NOνA [117] and T2K [118] data while the Majorana phases ρ 1,2 are set as free parameters.
We consider both normal hierarchy (NH) where the light neutrino mass eigenvalues are ordered as m 1 < m 2 < m 3 and inverted hierarchy (IH) where the light neutrino mass eigenvalues are ordered as m 3 < m 1 < m 2 . We vary the lightest mass eigenvalue m lightest up to sub-eV scale, to be consistent with the Planck upper limit on the sum of light neutrino masses: i m i < 0.12 eV [119] .
The seesaw formula allows us to parameterize the mixing angle between the light and heavy neutrinos as [120] 
where O is a general orthogonal matrix:
with the angles, x, y, z being complex numbers, and D NH/IH is the light neutrino mass eigenvalue matrix:
with m In both cases, the RHN mass matrix is defined as
with an ordering of m N 1 ≤ m N 2 ≤ m N 3 . Hence, the matrix R in Eq. (22) is a function of ρ 1,2 , m lightest , m N i (i = 1, 2, 3), and the three complex angles. A generalization of the formula of R at the one loop level has been studied in Ref. [121] , which are however not important for our analysis.
The two-body partial decay widths of the RHNs are given by [22] Γ(
respectively. In the limit of m N i m W , m Z , m h , the ratio among the partial decay widths is found to be Γ( 
and the total proper decay length of the RHN N i is
[mm].
Employing the general parametrization for the neutrino Dirac mass matrix in Eq. (22),
we perform a parameter scan with free parameters, 0 ≤ ρ 1,2 ≤ 2π, m lightest , x, y, and z, to evaluate L
NH/IH i
while satisfying all the phenomenological constraints listed in Ref. [11] . For concreteness, we fix m N 1 = 500 GeV, m N 2 = 1 TeV and m N 3 = 2 TeV in our analysis. See
Ref. [11] for a detail of this parameter scan procedure. The most stringent lower bound on the decay length of the RHN N i comes from two experimental constraints. The first is from LFV muon decay process of µ → eγ, whose branching ratio must be ≤ 4.2 × 10 −13 [110] which provides an upper bound on | 12 | < 1.3 × 10 −5 . The second is from the lower limit on the half-life of neutrino-less double beta decay: T into an upper limit on the amplitude for the contribution mediated by the RHNs [123, 124] : TeV. This is contrary to the common lore that RHNs can be long-lived only for the subelectroweak scale mass range. We find that for m lighest 10 −5 eV (10 −8 eV), the RHN can be long-lived enough to be explored by the HL-LHC (MATHUSLA).
2 For a different RHN mass spectrum than that chosen in our illustrative benchmark, the corresponding decay lifetime and the possibility of having a long-lived RHN can be easily obtained from Eqs. (31) and (32) .
In other words, once a displaced vertex signal is observed in future collider experiments, we can measure the decay length and the mass of the RHN from the invariant mass of its decay products. Fig. 5 indicates that with such measurements we can obtain an upper bound on m lighest . On the other hand, the remaining two RHNs promptly decay to the SM particles for any value of m lighest . The final state with same-sign dileptons plus jets from the decay of these pair-produced RHNs is a "smoking-gun" signature of the Majorana nature of the RHNs, with very small SM background. Thus, a combination of the prompt and displaced multilepton searches can be used to probe the RHN sector of the minimal U (1) X scenario, while at the same time gaining information on the absolute value of the lightest active neutrino mass. This will be complementary to the direct searches for the absolute neutrino mass scale from beta-decay (e.g. KATRIN [125] ) and neutrinoless double beta decay [124] , as well as the cosmological probes of the absolute neutrino mass, such as the CMB-S4 [126] . (24) and (25) are modified to
The RHN mass matrix is defined as
with an ordering of m N 1 ≤ m N 2 , and the orthogonal matrix in Eq. (22) there is still a possibility of observing the RHN pair-production in the prompt multilepton plus jets searches at the HL-LHC experiment, as pointed out in Ref. [44] .
V. CONCLUSION
The neutrino mass matrix is a major missing piece in the SM to be supplemented by new physics beyond the SM. Type-I seesaw with RHNs is arguably the simplest mechanism to naturally generate the light neutrino mass matrix satisfying the observed mass-squared differences and mixing angles. The gauged U (1) X -extended SM is a simple and consistent framework to incorporate three RHNs, whose existence is essential to cancel all the gauge and mixed gauge-gravitational anomalies. The Majorana masses for the RHNs responsible for type-I seesaw are generated through the spontaneous U (1) X gauge symmetry breaking.
If the U (1) X symmetry breaking scale is around a few TeV, the associated Z boson and the RHNs can be produced on-shell at the LHC directly via the new gauge coupling g X , independent of the light-heavy neutrino mixing. We have studied the RHN pair-production at the LHC through resonant production of the Z boson. In order to satisfy the latest LHC constraints from searches for a high-mass narrow resonance with dilepton final states, we have first calculated the dilepton production cross section from the Z boson resonance and presented our result as a function of g X and m Z . The allowed parameter region consistent with the LHC constraints is easily read off from this result (see Figures 1 and 3) . Then, we have calculated the RHN pair-production cross section as a function of g X and m Z , and identified the maximum cross section under the LHC constraints.
We have also investigated the possibility for a (sub) TeV-scale RHN to be long-lived. Since the RHNs are singlets under the SM gauge group, their mass eigenstates have couplings with the weak gauge bosons and the Higgs boson only through their mixing with the SM neutrinos.
Since these couplings are generically suppressed for a TeV-scale seesaw mechanism, some of the RHNs can be long-lived, depending on their mass and the flavor structure of the Dirac Yukawa coupling matrix. Employing the general parametrization for the light neutrino mass matrix to reproduce the neutrino oscillation data, we have performed a parameter scan to evaluate the maximum lifetime for an RHN. We have found a simple formula for the decay lifetime which is inversely proportional to the lightest neutrino mass eigenvalue [cf. Eqs. (31) and (32)]. In particular, for m lightest 10 −5 eV, one of the RHNs in the minimal U (1) X model turns out to be long-lived enough for the benchmark point considered here. Such a long-lived RHN provides us with a displaced vertex signature which can be explored at the High-Luminosity LHC and other dedicated long-lived particle detectors such as MATHUSLA. Once a long-lived RHN is observed in the future, using the correlations found here, we can set an upper bound on the lightest neutrino mass eigenvalue, which will be complementary to the low-energy direct probes of the absolute neutrino mass scale.
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